D-A242 511 N
I RTR 1 0762

€
DARTMOUTH COLLEGE

AND
DARTMOUTH MEDICAL SCHOOL

Technical Report
AFOSR # 89-0437

Multimodal Interactions
in Sensory-Motor Processing

P.A. Reuter-Lorenz, H.C. Hughes,
R. Fendrich, G. Nozawa & M.S. Gazzaniga

DTIC_

g ocr 1 1 1091

b

-

Program 1n
Cognitive Neuroscience

MO e

L90EL-L6




@ 0CT 111981 ﬁ?‘

aﬁ

Technical Report
AFOSR # 89-0437

Multimodal Interactions
in Sensory-Motor Processing

P.A. Reuter-Lorenz, H.C. Hughes,
R. Fendrich, G. Nozawa & M.S. Gazzaniga

Program in Cognitive Neuroscience, Dartmouth Medical School and
Department of Psychology, Dartmouth College
Hanover, New Hampshire

Do iyl




/‘
) UNCLASSITIE

WECURITY CLASSIFICATION OF THIS PAGE

REPORT DQCUMENTATION PAGE

1a. REPCRAT SECURITY CLASSIFICATICN
Unclassii.ad

15, RESTRICTIVE MARKINGS

28 SECJURITY CLASSIFICATION AUTHCRITY

D. CECLASSIFICATICN/CCWANGRACING SCHEDULSE

Arcreoved feor pub
’ Distributicn unli

,‘, CISTRIBUTION/AVAILABILITY OF REPCRT

4. PERFCAMING TRGANIZATICN REPCRT NUMBERIS)

.MCNITORING ORGANIZATICN REPCRAT NUMBER(S)

IZATICN h CFFRICE SYymacL

:
& anca

(I1f 3ppiicadie}

-
o

lr Force Cifice ¢

A
s

i Ta. NAME CF MCNITCAING CRGANIZATICN

Regazroh ND

(
t
i
i
|
!

Ta. ACCRESS (C.ty, Stawe ana 2.7 JZoaes

Bb. SFEICZ SrMBCL

3a. NAME ZF F_UNTING,SPCNSCAING
Al appucad

CRGANIZATICN

3. AACCUREMENT .NSTRULMENT T

ENTIFICAT TN NLMBESR

3. ACCTRHEZZ Cuy, Jtate ana 2.2 Joce,

! NCRK UNIT

Bl Ll SPOUSI UVS SR

PACGAAM pac.gzT | TAs<
Zames 2z U= S_SMENT NO. NC. ? Se i NC.
; 1 |
TLOTITUE Inciuce Security Clasaification 5°102F 2373 ' A ;
f2lzimedal ImterasTignI oo - i :
2. PEASCNAL AUTHCRIS; ;
P.A. Reutzr-I3Yt2nz, 4.C. Nczawa, M.S. Cazzan-oca 3
1Ja TYPE CF REPCRT 128, TIME CTVEREDR ‘4, CATE CF REPCRAT (Yr, Mo, Zav ", 2238 STULNT !
innual Tachnical Recerz | gmom 7020 to_7 91 | august 30, 19a7 103 .
6. SUPPLEMENTARY NCTATICN ]
H
!
'7 CZSATI CZCES 18 SUS.;ECT‘TERMSl (Continue on Meverse if necesaary 3ng .cenify dy Yiocr rumoer! 5
FIELD | greup { SUB. GR. Mulsimedeal PRS- §
h= I na ] Saccadic Eye Mcvements
i ] Resconse Latzngw 1
19. ABSTRACT (Conlinue on reverse if necessary and identify by dlock number;
We describe our progress in a) delineating the functdonal architecture of the human saccadic and
attentional orienting systems (section 2) based on analyses of reaction times; b) development of
accurate surface maps of the human neocortex in vivo from reconstructions of MR scans (section 3
3). Work carried out under AFOSR funding (2 in 90-91 year) provides the basis for our current
model, which identifies two serially organized component processes in saccade generation
(section 1.1). The early component is sensory; it's most noteworthy feature being the mode of
convergence of visual and auditory information in the saccadic control system (section 1.2). In
the subsequent pre-motor component, the processing time is partially determined by the state of
fixaton. Fixation point offsets facilitate saccade latencies by decreasing premotor processing
times via disinhibion. These sensory and motor facilitatory mechanisms can be combined to
optomize human saccadic performance (section 1.1). The ultimate goal is to provide a mode!l
which accounts for human oculomotor performance in terms of physiologically plausible
component subprocesses. !
i
Q. CISTRIBUTICN/AVAILABILITY CF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATICN i
INCLASSIFIED/UNUMITED S same as rpT. C oTic usens O Unclass:ified ,!
8. NAME CF RESPONSIBLE INDIVIDUAL 225 TELEPHONE NUMBER 29¢. OF=:C2 SYMBCL
Alfred R. Fregly, Ph.D. tinciuda Area Code/ :
202 767 5021 NL |
N, m Al 4 tmm A, a3 ES{TIC AF 1AM TS S maecs eTE. UNCLASSIFIZ
A




Abstract
We describe our progress in a) delineating the functional architecture of the human
saccadic and attentional orienting systems (section 2) based on analyses of reaction times; b)
development of accurate surface maps of the human neocortex in vivo from reconstructions of
MR scans (section 3). Work carried out under AFOSR funding (2 in 90-91 year) provides the
basis for our current model, which identifies two serially organized component processes in
saccade generation (section 1.1). The early component is sensory; it's most noteworthy feature

being the mode of convergence of visual and auditory information in the saccadic control system

(section 1.2). In the subsequent pre-motor component, the processing time is partially determined
by the state of fixation. Fixaticn point offsets facilitate saccade latencies by decreasing premotor

processing times via disinhibion. These sensory and motor facilitatory mechanisms can be
combined to optomize human saccadic performance (section 1.1). The ultimate goal is to provide

a model which accounts for human oculomotor performance in terms of physiologically plausible

component subprocesses.
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From the vast array of data available to our senses we can select information for
detailed processing by directing our gaze or our attention to particular locations in the
environment. The current project investigates the sensory and motor components of
oculomotor control and attentional orienting in an effort to describe their anatomical bases
and functional architecture, and to specify the conditions that will maximize the efficiency
of human orienting. |

The first section of this report include§ three manuscripts describing our
investigations of the effects of auditory and visual events on sensori-motor processes. In
section 1.1 (Nozawa et al.) we present our current model of the component processes
involved in saccade generation based on evidence from our other investigations funded
under the present AFOSR grant (Reuter-Lorenz et al., 1991; Fendrich et al, section 1.3;
Hughes et al., section 1.2). In this two-stage serial model of saccade generation, parallel
auditory and visual inputs converge on a sensory processing stage to produce neural
summation. A subsequent premotor programming stage is modulated by the observers state
of fixation (i.e. fixation release). The model is tested within the additive factors framework
by comparing the effects of unimodal and bimodal targets (i.e. combined visual and
auditory stimuli) in the context of the fixation point offset paradigm. The data reported by
Nozawa et al. provide new support for separable sensory and motor facilitatory
components and indicate that these mechanisms can combine to optomize saccadic
performance. Differences observed between the combined effects of fixation release and
auditory versus visual signals, suggest that the relative timing of the sensory signal and
fixation release may effect the magnitude of facilitation produced by fixation point offsets.
We are currently investigating this possibility.

In section 1.2, Hughes et al., (submitted) demonstrate that the response facilitation
produced by bimodal targets is more robust for saccades than for directed manual or simple
manual responses. Only saccadic latencies show a benefit from bimodal targets exceeding

that predicted by probability summation, a pattern which is consistent with the evidence for




auditory and visual convergence within the primate superior colliculus. In section 1.3,
Fendrich et al. (in press) demonstrate that short latency saccades, referred to as express
saccades, can be elicited by acoustic, as well as visual targets. These findings, together
with our earlier work on express saccades (Reuter-Lorenz et al, 1991) provides the basis
for the model presented in section 1.1, in which the inhibitory effect of fixating influences
premotor rather than sensory components of saccadic initiation.

A central issue in understanding the functional architecure of selective orienting
involves specifying the relationship between attention and saccadic eye movements. In
section II of this report, Reuter-Lorenz & Fendrich (submitted) evaluate the hypothesis that
saccadic motor programs are the basis for attentional orienting. This study provides
evidence that directed attention and saccades may be controlled by separate mechanisms
when orienting is elicited by a sudden peripheral event (an eccentric visual cue). However,
when orienting is directed by a symbolic cue, attention and saccades appear to be more
tightly coupled. A framework is proposed in which collicular components of the
oculomotor system play a greater role in saccadic than attentional control in the case of
peripheral cues, whereas a cortical network shared by both systems underlies orienting to
central cues.

The third and final section includes our recent manuscript describing results from
our new computerized method of determining regional cortical surface areas from 3D
receonstructions of MR scans of the human brain. Comparisons of cortical surface areas in
the left and right hemisphere in mononzygotic twins and unrelated controls suggest that the
left hemisphere may be far more genetically specified than the right hemisphere. The
results are consistent with the view that high correlations between monozygotic twins on
psychological and physiological varibles may be related to reduced variance seen in major

cortical structures, particularly in the left hemisphere.
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Component Processes in Saccade Generation:

Intersensory Facilitation and Release from Fixation

G. Nozawa$, P. A. Reuter-Lorenz!, R. Fendrichf

& H. C. Hughes$:t

§ Department of Psychology, Dartmouth College
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Abstract

Previous work from our lab suggests that separable sensory and motor mechanisms
may increase the efficiency of saccadic eye movements. To account for these results we
present a two-stage serial model of saccade generation in which parallel auditory and visual
inputs converge on a sensory processing stage to produce neural summation. A subsequent
premotor programming stage is modulated by the observers state of fixation (i.e. fixation
release). This model was tested within the additive factors framework by comparing the
effects of unimodal and bimodal targets (i.e. combined visual and auditory stimuli) in the
context of the fixation point offset paradigm. The data provides new support for separate
sensory and motor facilitatory components and indicate that these mechanisms can combine
to maximize the efficiency of saccadic responses. Differences between the combined
effects of fixation release and auditory versus visual signals, suggests that the relative
timing of the sensory signal and fixation release may effect the magnitude of facilitation

produced by fixaton point offsets.




Humans tend to explore their surroundings primarily through the visual modality.
Thus, the speed of saccadic eye movements is an important determinant of the rate of
information processing. Saccadic latencies can be influenced by the characteristics of the
saccade target as well as the observer's state of fixation. As with other response systems,
saccadic reaction imes (SRTs) decrease monotonically with increasing target intensity
(Wheeless, Cohen & Boynton, 1967, Hughes & Kelsey,1984). Saccadic RTs can also be
reduced by as much as 70 msec simply by extinguishing the fixation stimulus prior to target
onset (often called the "gap effect”, Fischer & Ramsperger, 1984; Saslow, 1967 ).

The magnitude of the gap effect does not appear to vary with the luminance of the
target (Reuter-Lorenz, Hughes & Fendrich, 1991), suggesting that target luminance and
fixation point offsets influence different processes in saccade generation. Since fixation
point offsets do not facilitate manual response latencies, the gap effect appears to influence
sub-processes that are specific to saccade generation (Reuter-Lorenz et al., 1991).
Thresholds for saccades elicited by electrical stimulation are reduced following fixation
point oifsets (Goldberg, Bushnell & Bruce, 1986). The gap effect may, therefore, reflect a
disinhibition of saccadic responses which results from removal of the fixation stimulus.
We refer to this facilitatory effect of fixation point offsets as "fixation release".

The additivity between target luminance and fixation point offsets led Reuter-Lorenz
et al. (1991) to suggest a serial-stage model in which fixation release facilitates a premotor
stage of saccade generation, whereas the effects of target luminance are confined to an
earlier sensory stage of processing. Reuter-Lorenz et al. (1991) point out that these
functional processing stages could be implemented within the superior colliculus (SC), a
suggestion consistent with recent evidence that the gap effect depends on the integrity of the
SC (Schiller, True & Conway, 1980). In addition, Fendrich, Hughes & Reuter-Lorenz

(in press) have shown that fixation point offsets facilitate saccades to acoustic as well as




visual targets. Since the deeper layers of the SC receive converging auditory and visual
afferents (Jay & Sparks, 1987; Meredith & Stein, 1983), the data from Fendrich et al. is
consistent with the proposal that fixation point offsets facilitate saccadic processing within
the SC (Reuter-Lorenz et al., 1991).

The recent evidence (Jay & Sparks, 1987; Meredith & Stein, 1983) that visual and
auditory inputs convergence onto common neurons in the SC suggests that information
conveyed within these modalities might be summed prior to initiating saccades; an
architecture which would facilitate sensory components of pre-saccadic processing.
Hughes, Reuter-Lorenz, Nozawa & Fendrich (1991) have demonstrated that combined
visual and auditory targets reduce saccadic latencies beyond levels predicted by the
statistical advantage conferred by having two targets rather than one. Furthermore, this
bimodal target advantage was robust only for saccades; neither directed-manual nor simple-
manual responses were faster than probability summation. The bimodal facilitation
observed for saccadic responses provides evidence for neural summation of the two
sensory inputs and may be a behavioral correlate of the auditory-visual convergence
demonstrated in the SC.

These findings suggest separable sensory and motor mechanisms that serve to
optimize the speed of saccadic responses. Distinguishing between "sensory” and "motor"
processes in the colliculus is difficult because many collicular neurons have both sensory
and motor response properties. However, functional distinctions between sensory and
motor components of saccade generatic may be revealed by an additive factors analysis of
SRT (e.g.., Sternberg, 1969; Towusend & Ashby, 1983). Auditory-visual convergence
may enhance sensory proces-ing via neural summation while fixation release might
facilitate a premotor stage of processing. If, as suggested by Reuter-Lorenz et al. (1991),
these component processes are serially organized, then the combination of neural

summation and fixation release should produce additive effects on saccadic latencies.




Moreover, the combination of these factors should maximize the efficiency of human

performance. The present experiment was designed to address these issues.

Figure 1 presents a two-stage model representing our working hypothesis. The
auditory and visual channels have parallel inputs to a summation stage which then sends its
output to a premotor stage. The time course of the premotor stage is influenced by a
fixation signal. Active fixation provides an inhibitory input to the pre-motor processor.
This inhibition is reduced upon removal of the fixation point. Under the assumptions that
1). the auditory and visual channels are stochastically independent, and 2) selective
influence holds, i.e., auditory inputs do not affect visual processing and visual inputs do
not affect auditory processing, parallel processing within these channels will produce an
intensity-dependent interaction (see Townsend and Ashby [1983] for a derivation).
Nozawa & Townsend (1991) have proved that, in a parallel processing system, processes
which operate on either the minimum completion times of the parallel channels or neural
summation between these channels will show a particular form of interaction with target
intensity termed “superadditvity”. Thus, superadditivity is a signature of parallel
processing in the models currently under consideration. Once superadditivity is obtained,
additional analyses can determine whether the parallel inputs are summed, as suggested in
Figure 1 (see Hughes et al., 1991). Therefore, the model predicts that variations in the
intensity of auditory and visual components of bimodal signals should produce a
superadditive interaction on saccade latency. However, since fixation offsets influence a
subsequent stage, the effect of fixation condition should be additive with the effects of
unimodal target intensity and with the neural summation effects produced by bimodal

targets.




In order to test these predictions, the present experiment combined the fixation point
offset paradigm with an expanded version of the bimodal target paradigm used by Hughes
etal. (1991). Auditory and visual targets of two different intensities were presented either
unimodally or bimodally. The unimodal targets were factorially combined yielding four
bimodal target conditions (low visual-low auditory; low visual-high auditory; high visual-
low auditory; high visual-high auditory). These data provide a basis for a rigorous

evaiuation of the two-stage serial model.

Methods
A centrally located green light-emitting diode (LED) provided a fixation point. Red LEDs
served as the visual targets. The acoustic targets consisted of brief (100 ms) white noise
bursts delivered through 4 cm. speakers located directly beneath the target LEDs . Target
eccentricity was 200. The entire apparatus was housed in a large (1.54 m. x 1.54 m. x 0.9
m.) enclosure lined with a sound-absorbing foam material (Sonex™). Eye position was
digitized at 250 Hz using a scleral infra-red reflection device. Data collection followed 5
min. of dark adaptation, during which time the eye tracker was calibrated. Head
movements were minimized using a bite-plate. All subjects were emmetropic and had
normal hearing. Saccades were detected using a velocity criterion (generally 50 deg. sec
1). Data analysis was performed off-line.

As the magnitude of summation effects should depend upon central simultaneity of
the two inputs (Stein et al., 1989; Miller, 1986), preliminary testing identified a high and a
low stimulus intensity that produced equivalent auditory and visual response latencies in
each subject. Each observer then participated in 4 experimental sessions. Five trial blocks
consisting of 80 trials each were run per session. Auditory, visual and bimodal targets
were presented with equal frequency and randomized with respect to both order and
location. On half of the trials, the fixation stimulus was extinguished 200 msec prior to the

onset of the target (gap condition); the fixation stimulus remained on in the other half




(overlap condition). Acoustic warning signals (1000 Hz, 100 ms duration) were presented
through a center speaker 300 ms before target onset. Thus, the offset of the warning signal
was synchronous with the offset of the fixation point in gap trials. Twenty percent of the
trials were catch trials, in which no saccade target was presented. Catch trials were evenly
distributed between the gap and overlap cond’tions. The data reported below are based on

at least 50 observations for each stimulus condition six naive observers.

Results

A variety of analyses were performed on these data. First, we report the results of
Analyses of Variance (ANOVAs) on the individual subject means for each experimental
condition. These ANOV As were performed in three parts: the unimodal visual target X
fixation condition, the unimodal auditory target X fixation condition, and the bimodal target
X fixation condition.

The visual ANOVA suggests strong effects of both target intensity and fixation
condition (F(1,5)= 18.18; p<.01; F(1,5)= 55.87; p<.01, respectively). However, the
interaction between target intensity and fixation condition was not significant (F(1,5)=
0.19; n.s.). These data replicate the results of Reuter-Lorenz et al. (1991), and are
represented in Figure 2. This confirmation of the additivity between target luminance and

fixation offset effects support the serial stage model.

Figures 2 & 3 about here

The auditory ANOVA also reveals sirong target intensity and fixation effects (F(1,5)=
22.6; p<.01; F(1,5)= 12.28; p<.01, respectively). These results confirm our previous
finding that fixation point offset facilitate saccades to acoustic as well as visual targets. The

present analysis also reveals an interaction between auditory target intensity and fixation




up until the time at which fixation release is complete. Since the time course of sensory
processing is known to vary with signal intensity (e.g. Miller &Glickstein, 1967), it is also
possible that as signal intensity increases so does the probability that, for a given gap
duration, fixation release is not yet complete. This could reduce the gap effect for higher
intensity signals.

Yet the present data show evidence of this only for the auditory modality. Since
saccadic response latencies provide only a crude estimate of central arrival imes, the
possibility remains that acoustic signals arrive at the critical locus earlier than visual signals
even when the overall RTs to these signals are matched. It follows that there should also
be a gap duration at which the magritude of the gap effect also varies with target
luminance. We are currently testing this idea by systematically varying gap duration

together with auditory and visual signal intensity.




condition (F(1,5)= 7.59: p<.05). This interaction is not consistent with a simple serial
stage model of auditory processing and fixation release, and therefore requires some
modification of the model to accommodate auditory processing in the oculomotor system.
These data are presented in Figure 3.

The results of the bimodal target X fixatdon condition ANOVA confirms significant
effects of both visual and auditory intensity (F(1,5)=9.9; p<.03; F(1,5)=10.17; p<.03,
respectively). Moreover, the interaction between visual and auditory intensity was
significant ( F(1,5)= 5.85; p<.06) and superadditive. As shown by Nozawa and
Townsend (1991), this superadditive interaction is the signature of a parallel process. This
analysis is therefore consistent with the suggestion that the auditory and visual inputs are
processed in parallel (also see Hughes et al., 1991). The gap effect was also observed
(F(1.5)= 17.11; p<.01). As the serial stage model of visual processing and fixation release
predicts, the interaction of the gap effect and the visual intensity was not reliable (F(1,5)=
0.34; n.s.). The interaction of the gap and the auditory intensity was found to be
significant (F(1,5)= 6.23; p<.06) but the triple interaction between auditory intensity,
visual intensity and gap condition was not obtained (F(1,5)= 3.07; p>.13). Although the
failure of this triple interaction between bimodal intensity effects and fixation release is
consistent with a serial stage model of bimodal convergence followed by pre-motor
facilitation, the auditory X fixation interaction is problematic for this simple processing

architecture. We return to this issue in the Discussion.

Figure 4 about here

These data confirm our previous work indicating that 1) visual intensity and fixation
release produce additive effects on saccade latencies (Reuter-Lorenz et al., 1991) and the 2)

fixation point offsets facilitate saccadic latencies for either visual or acoustic targets




(Fendrich et al., 1991). Furthermore, the significant interaction of auditory and visual
intensity is consistent with the idea that these signal are combined by neural summarnon.
This possibility was tested by using the analysis developed by Nozawa and
Townsend (1991; see also Hughes et al.. 1991) to compute esumates of neural summation
for bimodal targets in both the gap and overlap conditons. Evidence for neural summation
was obtained in both conditions (Figure 4), contirming our previous results (Hughes et al..

1991).

Discussion

These data contirm and extend our previous findings concerning the etfects ot
target luminance and fixation point offsets on saccade latencies. The data also replicate the
results of Hughes et al. (1991) by demonstrating strong neural summaaon tor combined
auditory and visual targets. In general, the results can be accounted for by a senally
organized. two-stage model of saccade generation. The first stage is viewed as a sensory
processing stage in which visual and auditory inputs are summed via convergence onto
common neural elements. The second stage involves premotor processing and its duraton
is partly determined by the presence or absence of a fixauon signal.

The presence of an interaction between auditory intensity and fixation conditon,
however, does not entirely fit with the model presented in Figure 1. While this 6utcome
raises the possibility that fixation release and auditory target intensity affect a common
processing stage, such an interpretation would be incompatible with the effects observed
for the visual modality and for the bimodal stimulus conditions. We favor an alternative
explanation based on the relative timing of the fixation release state and the arrival of the
sensory stage output at the premotor stage.

Figure 4 represents the possibility that the degree of fixation release varies over time
from the offset of fixation stimulus. If this idea is correct, then for a given stimulus

intensity, the magnitude of the gap effect should vary with the duration of the gap interval.
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Figure Captions

Figure 1. Diagram depicting a two-stage serial model of saccade generation in which
auditory and visual inputs converge in a neural summation stage and a fixation release
signal influences the time course of premotor processing. The inset graph represents how
the time course associated with the transtion from the engaged to the released state may
influence the speed of premotor processing. Premotor processing time becomes faster with
increasing time after fixation point offset.

Figure 2. Graph representing the averaged SRT to high and low luminance lights in the
gap and overlap conditions.

Figure 3. Graph representing the averaged SRT to high and low intensity auditory signals
in the gap and overlap conditions.

Figure 4. S-measures for the gap and overlap conditions averaged across all subjects. The
S-measure represents the difference between obtained and predicted performance in the
bimodal stimulus conditions. Negative S-measures indicate neural summation whereas
probability summation is indicated when the S-measure equals 0. See text and Section 1.2
for details.

Figure 5. Diagram representing the possible time course of fixation release relative to the
timing of ouputs from the sensory processing stage. The figure presents the idea that in the
case of a high intensity auditory target activity may arrive at the premotor stage before
fixation release is complete. This could result in less facilitation in the gap condition for
high than for low intensity signal, as obtained in the auditory condition (see Fig. 3).
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Bimodal Convergence in the Saccadic
Control System

H.C. Hughes §T, P.A. Reuter-Lorenz T,
G. Nozawa § & R. Fendrich 1

§ Department of Psychology, Dartmouth College, Hanover, New Hampshire, 03755, USA
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Electrophysiological studies show that auditory and visual afferents
converge onto premotor neurons within the oculomotor system of cats and
non-human primates. Our analysis of saccadic latencies suggests similar
patterns of convergence within the human oculomotor system. Saccadic
and manual reaction times to bimodal targets were compared with predicted
performance based on probability summation between independent visual
and auditory channels. Only saccadic latencies showed facilitation from
bimodal targets which exceeded probability summation. We suggest that
this facilitation reflects neural summation of converging visual and auditory

inputs within the superior colliculus.

Only 0.01% of a visual scene is processed with the exquisite spatial resolution
conferred by the foveal cone mosaic. The dramatc reduction in acuity outside the fovea is
partially compensated by rapid refixation eye movements (called saccades), which align the
fovea with areas of interest. Recent electrophysiological demonstrations that visual and
auditory inputs converge on individual neurons within the deeper layers of the superior
colliculus!-3 suggest summation of (bimodal) inputs prior to initiating saccades. If similar
patterns of convergence operate in the human oculomotor system, saccades to combined
visual and auditory targets should he faster than responses to unimodal targets. If this
convergence is specific to the oculomotor system, intersensory summation may be
restricted to saccadic responses. The present investigation reveals a form of intersensory
summation that is specific for saccades, providing a behavioral correlate of bimodal
convergence in oculomotor pathways.

We compared the magnitude of bimodal facilitation of saccades with two speeded
manual tasks using similar stimulus conditions. Directed-manual responses required
subjects to deflect a joystick toward the target location. For simple-manual responses,
subjects depressed a microswitch in response to the target onset.

The visual targets were red light-emitting diodes (LEDs). The acoustic targets were
100 ms white noise bursts delivered through speakers located directly beneath the LEDs.
Target eccentricity was 200, The fixation point was a central LED. Waming tones (1.0
kHz, 300 ms duration) were presented through a central speaker 1.0 s before target cnset.
The apparatus was housed in a sound-attenuated enclosure. Eye position was digitized at

250 Hz using infrared reflection of the limbus. A bite-plate minimized head movements.

Saccades and jovstick responses were detected using a velocity criterion (= 50 deg. sec'!).




To maximize the liklihood of central simultaneity of the inputs, preliminary testing
identified stimulus intensities which produced equivalent auditory and visual RTs in each
subject. The visual intensites ranged from 0.7 to 70.0 cd/m? while the auditory intensities
ranged from 30 to 58 dB. Four naive observers participated in 15 experimental sessions of
60 trials each. Each observer generated at least 100 observatons for each stimulus-
response condition. Auditory, visual and bimodal targets occurred with equal frequency.
Order and location were randomized. X

Bimodal stimuli significantly reduced RTs for saccades and directed-manual
responses, but not for simple-manual responses (F, 1,= 7.26, p<.01, see Table 1).
However, faster responses to bimodal targets need not imply neural convergence
(summation) between the two modalities*. If each modality is processed by independent
parallel channels, responses to bimodal targets could simply be determined by whichever
modality is detected first (equivalent to the logical OR operation). Since the detection times
for each modality are random variables, some latency reduction is expected on the basis of
statistical or probability summation . Facilitation beyond that predicted by probability
summaton implies neural summation of the inputs, since under the same assumptions,
neural summation is always faster than probability summation®. We therefore compared
theoretical latency distributions derived from a simple model of probability summaton
between unimodal targets to the obtained bimodal distributions.

First, we assume that (I) the channels are stochastically independent and that (II)
selective influence holds (e.g., the visual channel is not influenced by an auditory stimulus,
see ref. 7). According to probability summation, bimodal RTs are determined by
whichever modality is detected first. Thus, if we define T, as the random variable
representing auditory detection time and Ty as the random variable representing visual
detection time, bimodal detection time can be expressed as:

Tagv = Min (TA, Ty e, ()
Considering min (T, Ty) in terms of the cumulative distributon function (cdf), the
predicted bimodal latency distribution is expressed as
PP (Tagy <1) =P (min (T,,Ty) <1)

=P (Ta<tor Ty<t)

=P (To<t) +P (Ty<t)- P(Ty<Stand Ty<t)

=P(Tast) +P(Ty<t)- P(TAa<0xP(Tyst).......(2).
The joint probability, P (Tx <tand Ty <t)is defined in the interval [0,1], yielding the
following inequality:
PP (Tagy € )SP(Ty<t)+P(Ty<t),or
PP (Tagy S8 - P(TASO) P (TySt) €0, (3)




Miller 8.9 proposed that violations of this inequality could be used to evaluate probability
summation. However, P (Tagv <t) £ 1, so Eq 3 can only be evaluated in the early portion
of the cumulative latency distribution, where P (T, <t) + P (Ty <t) <1 holds.

An alternative to Eq (2} uses survivor functions, the complement of the cdf. The
survivor function specifies the probability that a response has not occurred as a function of
time "t" after target presentation. The survivor function for auditory RTs can be defined as
Sa® =P (Ta>t)=1-P(Ta< ),

Sy() =P (Ty>t) = 1- P(Ty <t) for visual RTs and
ng"&v (t) = P (Tagy>t) = 1- P (Tag, <t) for bimodal targets. The survivor function for
bimodal targets predicted by probability summation is thus:
S¥v (O =P (min (T, Ty)>)
=P (Ta>tand Ty>t)
=P (Ta>0) X P (Ty>).ceiueienen. e (4)

Under assumptions I and II, Equation (4) states that the probability of not detecting
a bimodal target by time t equals the joint probability that neither unimodal target has been
detected by that ime.

\ To compare obtained bimodal performance with that predicted by probability
summation, we compute the difference between the obtained bimodal survivor function and

the predicted survivor function (Eq.4) :

S (survivor) measure = S (1) - Sﬂv ) o (5)
Negative values of the S-measure indicate bimodal facilitation in excess of probability
summation, suggesting neural summation.

Fig. 1a -d illustrates S-measures computed for each subject for the three tasks.
Only saccades show evidence of neural summation; manual task performance is consistent
with the probability summation prediction. Although unimodal RTs for simple manual
responses were not well matched, subsequent work in this laboratory has shown robust
neural summation for saccades even when the unimodal means differ by as much as 100
ms. The integral of the survivor function is the distribution mean1®, so we can compute
predicted means from the predicted bimodal survivor function (Eq 4). Analyses of variance
comparing the obtained and predicted means for each task confirms the conclusion that only
saccadic latencies were significantly faster than probability summation (saccades: F; 3=
30.25, p<.015; directed-manual: Fy 3 =2.4, n.s.; simple manual: F,;=3.6, n.s; see
Figure 2).

While the S-measure (Eq. 5) assumes independent sensory channels, a negative

dependency (i.e., faster processing in one channel occurs jointly with slower processing in




the other and vice versa) between channels predicts faster bimodal RTs than when
independence is assumed. Since the joint probability, P (To < tand Ty <t), approaches 0
with increasing negative dependency, Eq 3 (here referred to as "Miller's inequality™)
represents the upper limit of facilitation attainable by any model of probability summaton,
whether or not stochastic independence is assumed!l. Eq 3 is therefore a more
conservative test of neural summation than Eq 5. To analyze the data using Eq 3, we

substitute the obtained (obt) bimodal cdf for the predicted bimodal cdf, and evaluate
?

pe (Tagv S - P(TA<H)+P(Ty <t) < 0 (termed the M {"Miller's inequality")
measure). This analysis confirmed the finding of neural summation for saccades (Fig. 3).
The failure of the S measure to provide compelling evidence of neural summation for
manual responses, combined with the demonstration of neural summation using the
conservative M measure, provides robust support for the conclusion that neural summation
was specific for saccades.. |

Convergent visual and auditory inputs onto common premotor neurons provides an
architecture which maximizes the speed of sensory-motor processing. The present
evidence suggests that this design may be relatively unique to the oculomotor system,
perhaps reflecting the high priority of rapid ocular orienting relative to other motor

responses.
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TABLE 1 Mean latency and standard deviations for each response condition with
unimodal and bimodal targets.

STIMULUS CONDITION

RESPONSE VISUAL AUDITORY BIMODAL
SACCADE

MEAN 233 218 191
S.D. 41.6 35.7 31.3
DIRECTED-MANUAL :

MEAN 335 313 299

S.D. 849 79.0 74.9
SIMPLE-MANUAL

MEAN 303 255 248

S.D. 55.5 443 43.2




Figure Captions

Figure 1. Differences (in ms.) between obtained bimodal RTs and predicted RTs based on
probability summation for three different response conditions. Data are expressed
as obtained-predicted, averaged acrcss 4 observers.

Figure 2. S measures ("survivor measures”, Eq. 5) of bimodal performance for three
different response conditions. Negative values represent facilitated performance
beyond that predicted by probability summation. See text for details.

Figure 3. M measures ("Miller’s inequality, Eq. 3) of bimodal performance for th{ge
different response conditions. Positive values represent facilitated performance
beyond that predicted by probability summation. See text for details.
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Fixation Point Offsets Reduce the Latency of
Saccades to Acoustic Targets

Robert Fendrich, Howard C. Hughes
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ABSTRACT

If an observer's fixation point is extinguished just prior to the
onset of a peripheral target, the latency to saccade to that target is
reduced. We show that this "gap effect" is not specific to visual
targets. Observers made saccades to a light flash or to a white noise
burst. A warning tone was presented on every trial to control for
the possible warning effect of the fixation point offset. For both
target modalities saccade latencies were significantly reduced
when the fixation point was extinguished 200 ms. prior to the target
onset. Implications of this outcome for interpretations of the gap
gffect are considered. It is argued that the presence of a gap-effect
for tones, in conjunction with previous findings, Is consistent with
the hypothesis that the gap effect is produced by a facilitation of

premotor processes in the superior colliculus.




When human or monkey observers saccade to the onset of a
visual target, their saccadic latency is reduced by the prior offset
of the fixation point (e.g Fischer, 1987; Fischer & Boch, 1983;
Fischer & Ramsperger, 1984; Fischer & Ramsperger, 1986; Saslow,
1967). In human subjects, the magnitude of this reduction is abcut
50 ms. This reduction of saccadic latency - frequently referred to as
the "gap effect" - is maximal if the fixation point is offset 200-300
ms. before the target's appearance . The gap effect occurs even if a
warning signal is employed to control for the alerting effect
produced by the fixation point offset (Reuter-Lorenz, Hughes, &
Fendrich, 1991). Fischer and coworkers have suggested that this
reduction of saccadic latency is the consequence of the appearance
of a distinct subpopulation of "express saccades" with modal
latencies of 120 ms. in humans (Fischer, 1987; Fischer & Boch,
1983; Fischer & Ramsperger, 1984). However, fixation point offsets

decrease saccadic latencies even when the bimodal latency




distribution characteristic of express saccades has not been found
(Kingstone & Klien, 1990; Reuter-Lorenz et al., 1991).

Several studies have indicated that the superior colliculus
plays an important role in generating short-latency saccades
produced in the gap paradigm. In monkeys, the gap effect is
eliminated following ablation of the superior colliculus (Sandell,
Schiller, & Maunsell, 1984; Schiller, Sandell & Maunsell, 1987) . In
addition, Rohrer & Sparks (1986) report that the interval between
the visual and presaccadic activity bursts of cells within the deeper
layers of the SC is reduced prior to such short latency saccades.
One probable role of the colliculus is to initiate rapid reflexive
saccades towards peripheral visual events (Sparks & Mays, 1980;
Wurtz & Albano, 1980). These reflexive saccades may be inhibited
during active fixation (Munoz & Guitton, 1989). Sparks and Mays
(1983) have found that during fixation the threshold to elicit
saccades by electrical stimulation of the colliculus is increased.
The offset of a fixation point could enable short latency saccades by
reducing this inhibition (Reuter-Lorenz, et al., 1991).

Saccades can be directed towards non-visual targets. There
are cells in the deep layers of the superior colliculus which receive
acoustic inputs and increase their rate of discharge prior to
saccades to acoustic targets (Jay & Sparks,1987,1990). Thus, a
disinhibition of collicular orienting mechanisms might well enable
short latency saccades to acoustic stimuli. This suggests that if
the gap effect is due to a disinhibition of collicular reflexes, a gap

effect ought to be observable with auditory targets.




Other explanations of the gap effect also predict this effect
with acoustic targets. Saslow (1967) suggested that the elimination
of the fixation point may serve to reduce the probability of
corrective microsaccades just prior to the onset of the target,
thereby reducing the refractory periods microsaccades produce.
Kalesnykas and Hallett (1987) have suggested that the offset of the
fixation point may increase the likelihood of anticipatory saccades,
with express saccades forming a population of direction-appropriate
anticipations prepared before but executed after the target onset.
Fischer and his colleagues (Fischer, 1987; Fischer & Breitmeyer,
1987; Mayfrank, Mobashery, Kimmig, & Fischer,1986) have proposed
that the offset of the fixation point serves to release a subject's
attention, so that attention is more quickly engaged by the target.
According to all of these views, the gap effect should be present
irrespective of the modality of the saccadic target. On the other
hand, one explanation of the gap effect does not predict saccades to
acoustic targets, at least in its present form. Reulen (1984a,b) has
proposed that the offset of the fixation point may serve to facilitate
the visual processing of the target.

The occurrence of a gap effect to non-visual targets is
therefore relevant to a number of explanations of this effect.
However, the existence of a gap effect for saccades to such targets
has never actually been demonstrated. Here we show that fixation
point offsets do in fact reduce the latency of saccades to auditory
targets. In addition we compare the magnitudes of the gap effect

obtained with auditory and visual targets.




Method.

Subjects were seated 114 cm from a stimuius panel aligned on
an arc with a radius of 114 cm. A central green light-emitting diode
(LED) served as the fixation stimulus. Two red LEDs mounted on the
panel 10° to the left and right of the fixation point provided the
visual targets, and two small (4 cm.) speakers mounted directly
beiow the red LEDs provided the auditory targets. The visual targets
consisted of 300 ms. 0.7 cd/m?2 LED flashes while the auditory
targets were 300 ms. 90dB white noise bursts. These intensity
levels were chosen on the basis of preliminary testing which
indicated they would produce similar saccadic response times.
Warning tone bursts (at 2.8 KHz. ) were provided by a small
oscillator module mounted just above the fixation point. To
minimize echoes, the apparatus was housed in a large enclosure
(1.54 m. by 1.54 m by .9 m) which was lined with sound-absorbing
foam (Sonex™).

Subjects sat with their head positioned by a bite plate just
within the open front end of this enclosure. Subjects were run in a
dark room after at least 5 minutes of dark adaptation, and could not
see either the extinguished LEDs or speakers.

At the start of each trial, subjects fixated the green LED. An
experimenter initiated the trial when an oscilloscope display of the
subject’'s eye position indicated proper fixation. On each trial, the
warning tone sounded for 100 ms. Two hundred ms. after the offset
of this tone, the visual or auditory target was presented. Subjects

were instructed to saccade to the target as rapidly as possible.




Testing was carried out in blocks of 72 trials. Within each
block, there were 32 trials with visual targets and 32 with auditory
target. Half of the targets were on the left and half on the right. In
order to discourage anticipatory responses 8 trials in each block
were catch trials in which there was no target. Half of the trials
for each modality and half of the catch trials were "gap" trials. In
gap trials, the fixation LED was turned off at the offset of the
warning tone. The 200 ms. interval between the fixation point
offset and target presentation constituted the gap. The remaining
trials were "overlap" trials in which the fixation point remained on
from the start of the trial until 1000 ms. following the target onset.
The order of the various types of trials was completely randomized
within each block.

An IBM PC-XT microcomputer controlled the display
presentations via a 16 bit parallel output port and custom built
interface unit. Eye motions were monitored with a scleral infrared
reflection device (Narco Biosystems™ Model 200) sampled via a 12
bit A/D converter at 200 Hz. The Eye-trac 200 was calibrated at the
start of each block of trials. On each trial, the subject's horizontal
eye position was sampled for 1000 ms. starting at the onset of the
warning tone. The eye records were stored on disc for subsequent
analysis.

Saccades were detected by a computer program which used a
velocity criterion (509/sec.). In addition, accurate saccade detection
was verified by visual inspection of a CRT display of each eye
record. Trials in which computer detection errors occurred were

corrected.




Six naive observers served as the subjects. Each observer
received at least one block of practice trials prior to formal data
collection. Formal data was collected over 7 blocks of trials,
yielding a total of 112 observations per subject in each of the
experimental conditions (gap-visual target, overlap-visual target,

gap-auditory target, overlap-auditory target).




Results.

Any trial with an nitial saccade in the wrong direction was
discarded. In addition, for each subject in each condition, trials with
saccadic latencies more than 2.5 standard deviations from the mean
latency of that condition were excluded from the final analyses.
Finally, saccades with latencies fess than 100 msec. were taken to
be anticipations and removed (Kalesnykas & Hallett, 1987).
Altogether, these procedures eliminated 4.6 % of the data points,
4.1% of the no-gap trials and 5% of the gap trials.

Means were computed for each subject in the 4 experimental
conditions. With visual targets, the mean saccadic latency across
the 6 subjects was 287.8 ms. (s.d.=53) in the overiap condition and
244.8 ms. (s.d.=46) in the gap condition. With acoustic targets, the
mean latency was 264.2 ms. (s.d.=52) in the overiap condition and
233.8 ms. (s.d.=37) in the gap condition. Thus, a mean gap effect of
43 ms. was obtained with visual targets and 3C.4 ms. with auditory

targets. These data are graphed in Figure 1.

Insert Figure 1 about here.

An ANOVA was run on the subject means in the four
conditions. Although acoustic targets produced faster responses and
a smaller gap effect than visual targets, only the main effect of the
gap was significant (F(1,5)=10.76; p<.03). Paired comparisons using

the Newman-Keuls procedure indicated that for both visual and




acoustic targets, latencies were significantly faster in the gap than
in the overlap condition (p<.05). It should be noted, however, that
the gap-modality interaction came quite close to significance
(F(1,5) = 5.4; p<.07), suggesting the tendency for the gap effect to be
smaller with acoustic than visual targets may be genuine.

Latency histograms for two representative observers are

illustrated in Figures 2.

Figure 2(a-h) about here

Similar to the report of Reuter-Lorenz et al. (1991), the majority of
the obtained latency distributions failed to show evidence of
bimodality. In the distributions illustrated, a suggestion of
bimodality is observable only in the auditory target data for subject
AY. Generally, a gap effect was found because fixation offsets
tended to shift or compress entire distributions toward shorter
latencies.

The false alarm rate was .08 (4.5 per 56 catch trials), with
half the subjects showing 2 or fewer catch trial saccades. The
majority (19 of 24) of the saccades occurred in gap catch trials.
The average latency of the catch trial saccades, measured from the
time the target would have onset had one been presented, was 182
ms. (s.d.=66.5). There was no apparent relationship between the
number of saccades a subject made during the catch trials and the
magnitude of a subject's gap effect; averaged across modality,

virtually identical gap effects of 28 and 27 ms. were obtained from




the subjects with the highest (9) and lowest (0) number of catch

trial saccades.

Discussion.

These results indicate that the prior offset of a fixation point
facilitates saccades to acoustic as well as to visual targets. This
finding suggests that the gap effect cannot be attributed simply to
enhanced visual processing (Reulen, 1984a,b). The fact that the gap
effect is not modality specific is consistent with an interpretation
of this effect in terms of a facilitation of motor or premotor
processes. The deep layers of the superior colliculus appear a likely
candidate for the locus of this premotor facilitation, since this
structure receives convergent visual and auditory inputs and is
involved in initiating saccades (e.g Jay & Sparks, 1990; Meredith &
Stein, 1986).

There is an indication that the magnituae of the gap effect may
be stronger for visual than for auditory targets. Assuming this
interaction is real, we can only offer suggestions as 1o how such a
difference might arise. The magnitude of the gap effect varies with
gap duration (Saslow, 1967). The gap duration we employed is
optimal for visual targets (Saslow, 1967), but might not be optimal
for auditory targets. In addition, although visual and auditory inputs
converge in the colliculus, the characteristics of saccades to
auditory targets differ from visually triggered saccades. For
example, auditory targets have a lower peak velocity and are more

likely to be double saccades (Jay and Sparks, 1990). These




differences imply a difference in saccadic programming for targets
of different modalities, which could also affect the magnitude of
the gap effect.

As noted in the introduction, several alternative accounts of
the gap effect are also consistent with the fact that it occurs with
auditory targets. Saslow's (1967) attribution of this effect to an
increased incidence of microsaccades during the gap would predict
this outcome. However, Saslow's hypothesis fails to account for the
absence of a gap effect with antisaccades (Reuter-Lorenz et al.,
1991).

The attribution of the gap effect to an increased incidence of
anticipatory saccades (Kalesnykas and Hallett, 1987) is also
consistent with the present finding. As this hypothesis would
predict, more saccades occurred in gap than overlap catch trials.
Furthermore, the mean latency of these saccades (relative to the
time a target would have appeared in a test trial) was short.
However, the gap effect was present in subjects who made few or
no saccades in catch trials, and across subjects the number of catch
trial saccades was not related to the magnitude of the gap effect.
We therefore acknowledge that anticipations may sometimes
contribute to the gap effect, but believe they are unlikely to be the
primary source of this effect. (A further discussion of the role of
anticipations in the gap effect can be found in Reuter-Lorenz et al.,
1991).

An attribution of the gap effect to the release of attention
(Fischer, 1987; Fischer & Breitmeyer, 1987; Braun & Breitmeyer,

1988) is in agreement with the current outcome if one assumes that




once released attention will be engaged by acoustic as well as
visual stimuli. Precuing experiments have failed, however, to
demonstrate any effect of spatial attention on responses to auditory
targets (Buchtel & Butter,1988; Posner, Nissen & Ogden,1978).
Admittedly, this observation needs to be regarded with caution,
since it has not been specifically demonstrated that spatial precues
do not influence saccades to auditory targets. In addition, spatial
piecues interact with target luminance (Hawkins, Shafto &
Richardson, 1988) while the gap effect is additive with luminance
(Reuter-Lorenz et al., 1991), and the absence of a gap effect with
either manual responses or antisaccades (Reuter-Lorenz et al.,
1991) does not seem in accord with the attentional hypothesis. On
the other hand, it has been proposed that the superior colliculus
serves to control movements of attention (Posner & Petersen, 1990)
and that movements of attention are tied to oculomotor
programming (Rizzolatti, Riggio, Dascola, & Umilta, 1987). To the
extent that these proposals are correct, an interpretation of the gap
effect based on movements of attention might prove compatible

with an account based on collicular premotor processes.

An explanation of the gap effect in terms of the release of
collicular orienting reflexes does account for its absence with
antisaccades and manual responses, since the colliculus does not
control manual responses and antisaccades are not directed toward a
sensory target. The present finding of a gap effect with auditory

targets strengthens the case for such an explanation.
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Figure Captions

Figure 1. Mean saccadic latencies for visual and acoustic targets
in the gap and overlap conditions.

Figure 2. Distribution of saccadic latencies for 2 representative
subjects in the 4 experimental conditions.
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ABSTRACT

The costs preduced by invalid precues can depend on the spatial relationship
between the cued location and the target location. If oculomotor prcgrams mediate
attention shifts, then the effect of varying the spatial relaticn between the cue and target
shculd be the same fcr covert orienting (as incdexed by manual resoonses) and
saccadic respenses. We found this to be true only for central precues, in which case
tcth manual and saccadic costs were greater when cue and target cccurred on
cpposite sides of the vertical meridian than when they cccurred ¢n the same side. For
peripheral precues, no meridian effects were obtained in either resocnse conditicn, but
a significant dissociation in the patterns of saccacic and manual ccsis emerged. For
manual responses costs were greater when the cue was ecceniric relative to the iarget.
whereas for saccades costs were greater when the target was eccentric to the cue.
These results provide additional support for the idea that different crienting
mechanisms are engaged by central and peripheral precues. Thney further suggest
that the relationship between oculomotor and attentional orienting may depend on the
nature of the precue, with the potential for interdependence being greater with central

precues.
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INTRODUCTION

Normally, our attention and gaze move together. However, it is possible to pay
attention to one location while maintaining fixation at another. This ability has been
cemcnstrated experimentally by cuing a spatial location prior to the onset of a target
(Eriksen & Hoffman, 1973; Posner, 1980}. Even if there are no overt eye movements,
coservers respond faster and more accurately when the target appears at a cued
lccation than when it appears elsewhere (Hawkins, Hillyard, Luck, Mculoua, Dewning
& Wocedward, 1920; Muller & Humphreys. 1821; Posner, 1980). Some investigators
have characterized covert attention as a team cr spotlight that can be moved through
space (Pcsner, Snyder & Davidson, 198C: Remington & Pierce, 1984), while others
have suggested that it can be described as a zcom lens that goes from a broad ¢
narrow fccus (Eriksen & Yeh, 1985; Murpny & Eriksen, 1987). Bcth hypotheses entail
the notion that attention is oriented or directed tc a circumscribed region of space. The
mechanisms underlying this ability are nct well understood.

It has been proposed that movements of attention may be accomplished via the
same motor programs that are used to meke saccadic eye movements (see Klein,
1880). According to this hypothesis, attending to a location consists of generating an
oculomotor program to move the eyes to that location. In the case of covert attention
shifts, the saccade is not executed. While this view has intuitive appeal, initial tests
provided no support for it (Klein, 1980; Posner, 1980).

Nevertheless, interest in this premotor hypothesis has recently been revived by
Rizzoiatti and colleagues (Rizzolatti, Riggio, Dascola, & Umilta, 1987; see also
Tassinari, Aglioti, Chelazzi, Marzi, & Berlucchi, 1987). Using a standard precuing
task, they found that for invalid precues, respcnse latencies were longer (i.e. costs

were greater) when the cue and the target were on opposite sides of the vertical or




Attention and Saccades 4

horizontal meridians than when cue and target were on the same side. While the need
for interhemispheric interactions could explain the extra costs across the vertical
meridian, this does not explain the costs associated with the horizontal meridian (e.g.
Hughes & Zimba, 1985; 1987). Furthermoare, since the arrays of possible target
lccations were never centered on the fovea, the extra costs associated with merician
crossings can nct be explained by the need for the attentional focus to traverse the
large cortical region representing the fovea (e.g. Downing & Pinker, 1985). As an
alternative, the authcrs interpret the meridian effects in terms of saccacic
prcgramming. They reason that if a saccadic pregram is generated in respecnse € &
cue. invalid trizls would require a modification of that pregram. Direction changes are
required when the cue and target fall on opposite sides of the horizontal or vertical
meridian, whereas only amplituce changes are reqguired when the cue and target
cceur in different locations cn the same side of the meridians. Evidence suggests that
computations associated with saccade direction may take more time than programming
amplitude (e.g. Komoda, Festinger, Phillips, Duckman & Young, 1873; Becker &
Jergens, 1979; however see Abrams & Jonides, 1889). Therefore, Rizzolatti et al.
(1987) proposed that the extra attentional costs associated with meridian crossings
reflect the greater time required to change the direction parameter of the oculomotor
program.

If attentional costs reflect the time course of saccadic reprogramming, then the
pattern of costs for covert orienting indexed by manual response latencies should
correspond closely to the pattern obtained with saccadic responses. For example, if
meridian effects found with covert orienting reflect the relative rates at which saccadic
amplitude and direction can be modified, similar meridian effects should also be
cbtained when subjects actually make saccadic responses.

To evaluate these predictions, two experiments were performed which

compared the effects of spatial precues on simple manual responses and saccadic eye
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movements in the same subjects. Since central and peripheral precues may involve
different attentional mechanisms (Jonides, 1981; Shepherd & Muller, 1989), the first

experiment used peripheral precues and the second used central cues.

EXPERIMENT 1
Method

Apparatus. An IBM PC-AT microcomputer with a Kinetic Vision Sysiems
vector generator produced and controlled the stimulus displays. Data Transiaticn
DT2821 A/D converters were used to record response latencies. The stimuli were
presented on a Hewlett Packard 1310A large screen X-Y menitor with a fast phosphor
(P15) CRT. Display refresh and response sampling were synchronous at 25C Hz. Eye
movements were monitored with a Purkinje-image eyetracker. Head motion was
minimized with a bite-bar/head rest assembly.

Displays. Four outline boxes (.66° x. 66°) defined the target locations These
boxes were horizontally aligned on an oscilloscope screen, 2° and 6° to the left and
right of a central fixation point. The precue consisted of a second outline bex (19 x19)
briefly flashed around one of the target locations. The target was .59 x.50 "X" which

was presented within one of these boxes.

Procedure. At the start of each trial the array of four boxes and central fixation
point appeared on the CRT screen. When subjects were fixating the central point, the
cue appeared for 300 msec. The target was presented after a randomly selected ISI
of 400 to 800 msec., providing that the subject's gaze remained within .25° of the

fixation point. If this critericn was not met, the target presentation was delayed until it
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was met or 1200 msec. had elapsed since onset of the cue. Trials which exceeded this
maximum SOA were aborted and subsequently rerun. After the target appeared, it |
remained on the screen until the subject responded or 2 seconds had elapsed. In
different trial blocks, subjects responded to the target onset by either pressing a
response button with their right hand or making a saccade to the target location.

At the start of each experimental session, a fixation matrix was used tc calibrate
the eyetracker so that 1 ADC increment equalled 1 minute of arc. Small drifts in
baseline eye position were corrected in the course of each sessicn while the subject
fixated the central pcint. Saccadic responses were detected with a position criterion.
Tre onset of a saccade was taken to be the time at which the eye moved more than .59
in the direction of the target, if the eye continued to move at least 3/4 of the distance to
the target position withcut returning to the fixation point. Rare trials in which these
criteria were nct met, or an initial saccade was made in the wrong cirection, were
actcrted and subsequently rerun.

Seventy-five percent of the trials were valid with the target appearing in the
cued location. The remaining 25% were invalid with the cue and target appearing in
difierent locations. All possible invalid cue-target pairings were presented with an
equal probability. For each response type 768 trials were run, of which 192 were
invalid. Subjects participated in eight experimental sessions, approximately 60 minutes
long, over the course of 2-4 weeks. During each session, two blocks of 48 trials were
run for each response type in a counter-balanced order. Upon the completion of each
subset of 192 trials for each response condition, a preliminary analysis was performed
to identify and eliminate outliers. At that time, trials with latencies falling more than 2
standard deviations above or below the mean for that subset were rerun along with any
previously aborted trials.

Subjects. Five student volunteers with normal or corrected vision were paid for

their participation.
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Results

The group means obtained with valid and invalid cues for each response
condition are presented in Table 1. The spatial position of the cue and target are
indicated by a two digit code in which the first digit refers to cue position and the
second digit indicates target position. Going from left to right, the numbers correspond
tc each of the four locaticn boxes, with the far left position designatec number 1 and

the far right position designated 4 (refer to Figure 1).

We computed "costs" by subtracting the mean latency of vaiic trials from the
mean of invalid trials for each target positicn. Although this difference includes both
the benefits of valid cues and the costs of invalid cues relative to a neutral baseline,

we cannot separately evaluate these components in the absence c¢f a neutral

condition. We refer to the valid-invalid difference as "costs" for the sake of brevity.

The mean latencies in Table 2 indicate that both saccadic and manual
responses were faster on valid than on invalid tria's. An analysis of variance (ANOVA)
confirmed the significance of cue validity (F(1,4)=111.3; p<.001). However, no
cifference was found between the manual and saccadic response conditions. Costs

were, in fact, identical at 40 msec for both conditions.

The effect of the spatial relationship between the cue and target was initially

evaluated for each response condition by comparing the costs for the following four
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cue-target pairs: (1) those separated by 4° and falling in the same hemifield or (2)
those separated by 4° and falling opposite sides of the vertical meridian; and (3) those
separated by 8° and falling on opposite sides of the vertical meridian and (4) those
separated by 120 and falling on opposite sides of the vertical meridian. In a two-way
ANOQVA with response condition and cue-target pair as factors, only the effect of cue-
target pair was reliable [F(3,12)=4.67; p<.02], indicating that regarcless cf response
ccndition, costs were reliably influenced by the spatial relation of the cue and target.
The comparison between the 4° same and cpposite pairs is critical to evaluating the
meridian effect, since the retinal separaticn bewween cue and target is the same for
these pairs. However, a Newman-Ketls analysis indicated that this comparison was
rct significant. The 129 cue-target pair differed significantly from the three cther pairs
(c<.05), and these were the only signiicant differences. The relevant means are shown

ir Table 3.

Further analysis, however, did reveal a striking dissociation between the manual
and saccadic response conditions when the cue and target fell on the same side of the
meridian. For manual responses, when the cued location was eccentric to the target
Iccation (pairs 1:2 and 4:3; see figure 1), costs were smaller than when the target was
eccentric to the cued location (pairs 2:1 and 3:4). This pattern of decreasing costs with
ircreasing cue eccentricity has been previously. reported (Shulman et al., 1985, 1986).
Hcwever, the reverse pattern was obtained for saccadic responses: greater ccsts were
ctrained when the target was eccentric to the cue. This dissociation was shown &y il
subjects and the interaction of response condition and cue eccentricity was statistically

reiiable [F(1,4)=17.7, p<.02]. Figure 2 presents the relevant costs.
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Discussion

The premotor hypothesis predicts that the costs observed for manual responses
should parallel those obtained for saccades. Although the overall validity effect was
ecuivalent in the two cen-iticns, the relative eccentricity of the cue and target prcduced
significantly different cost paiterns. For manual responses, cue-target pairs 1-2 and 4-3
were associated with greater costs than pairs 2-1 and 3-4. Shulman, Sheehy, and
Wilson (1986) provide evidence suggesting ihis effect is due to cue eccentricity per se
rather than greater efficiency in shifting attention toward than away from the fovea.
Hcwever, the opposite pattern emerged for saccades, with cue-target pairs 2-1 and 3-4
prcducing significantly larger costs than pairs 1-2 and 4-3. In this response conditicn
subjects are likely to preprogram a saccade to the cued location. The obtained pattern
of costs, therefore, suggests that subjects are more efficient at increasing than
decreasing the amplitude of a prepared saccade. Using similar eccentricities and
target displacements in a double step paradigm, Komoda et al. (1973) also found
evidence that lengthening a saccade is performed more efficiently than shortening a
saccade (however, see Findlay & Harris, 1984).

The essential point is that a significant divergence in the pattern of saccadic and
manual costs was observed. This outcome is inconsistent with the premotor
hypothesis of attentional orienting. In addition, contrary to the results of Rizzolatti et al.
(1987), invalid cue-target pairs on the same side of the vertical meridian produced
costs equivalent to pairs on cpposite sides of the meridian. This was the case for both
response conditions. It is important to note, however, that Rizzolatti et al. (1987) used

central precues. While some investigators have reported meridian effects with
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peripheral precues (e.g. Hughes & Zimba,1985), other investigators have also failed to
find them (Egly & Homa, 1991). Thus, the absence of a meridian effect in the present
experiment could be due to the use of peripheral precues. Experiment 2 used central

precues to evaluate this possibility.

EXPERIMENT 2

Method

Stimulus display. The stimulus display was identical to that used in the first
experiment with the excepticn of the precue. Instead of the peripherai cue, a single or
ccuble arrow was pcsitioned .59 directly above the fixaticn point for 3C0 msec. Arrow
cirection indicated the likely side of the target. Double arrows indicated an outer
Iccation and a single arrow indicated an inner location.

Apparatus and Procedur.. The apparatus and procedure were identical to
these used in Experiment 1.

Subjects. Six volunteers with normal or corrected vision were paid for their

participation.

Results and Discussion

The effect of cue validity on response latency was highly significant
(F{1,5)=98.02; p<.0004; see Table 2). Invalid trials produced an overali cost of 43
msec in both response conditions.  As in Experiment 1, an ANOVA was used to
evaluate the effects of the four types of invalid cue-target pairs (4° same hemifield, 4°
cpposite hemifield, 8° opposite hemifield and 12° opposite hemifield) on the two
response conditions. This analysis indicated a highly significant effect of invalid cue-
target pair [F(3,15)=18.23;p<.0001] and no effect of response conditicn. In contrast to
Experiment 1, a Newman-Keuls test indicated that the costs associated with each of the

cpposite field conditions, including the 4° condition, was significantly greater than
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costs in the 4° same field condition (see Table 4). The costs for the three opposite field
conditions tended to increase with increasing retinal distance between cue and target,
but these differences were not significant. A final ANOVA evaluated the effects of the
relative eccentricity of the cue and target within each hemifield. Contrary to the first
experiment, there was no difference between the 1-2/4-3 pairs and the 2-1/3-4 pairs for
either response system (see Table 5). Thus in both response conditions the relative

eccentricity of the cue had no effect on the magnitude of costs.

The abeve analyses indicate that with a central cue, in accord with Rizzolatti et
al., costs are significantly greater when cue and target cccur on oppcsite sides of the
vertical meridian than when they occur on the same side. This was the case for both

manual and saccadic responses.

GENERAL DISCUSSION

The present experiments suggest that the relationship between oculomotor
programming and attentional orienting depends on the nature of the precue.  With
peripheral cues the vertical meridian had no effect on costs for either response system
(cf. Egly & Homa, 1991) and the relative eccentricity of the cue and target had opposite
effects on saccadic and manual responses. This dissociation is inconsistent with the
premotor hypothesis, and suggests that attentional orienting and oculomotor
programming may be independent processes. A different picture emerges for central
cues. Both saccadic and manual responses are associated with greater costs when

the cue and target occur on opposite sides of the vertical meridian than when they
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cccur on the same side. The absence cf any dissociations between the response
ccnditions and the presence cf a meridian effect in both conditions are consistent w:th
the premotor hypothesis. While cur results do nct specifically demenstrate a
cependence of the attenticn system on cculomotor programs, they allow for a stronger
ccupling of these systems in r=spcn-2 to central than peripheral precues.

Figure 3 represents thres pessible ways that precuing effects might operaie with
saccades and manual responses. These hypothetical schemes il assume that icr
saccadic responses, repregramming time contributes in part tc the latency difference
tewween valid and invalid trizls (e.g. Abrams & Jonides, 1¢82). 7 -e schemes alsc
include a preliminary detecticn precess which precedes attentic  recris g or
saccadic repregramming. Ccnsicerable debate surrounds the ic-z2 of 2 .reilimine:,
ceiection stage that can initiate recrienting but cannct suppert @ menual detecticn
respense (fer discussicns see Egly & Hema, 1921; Hawkins, Shefic & Richardsen,
1SE8; Hughes, 1984; Rizzciatti et al.. 1€87). In the case of saccacic repregramming,
hcwever, preliminary detection seems reasonable since mcdifyirg the program clearly
reguires prior specification of the target ccordinates. Furthermore in a recent analysis
ci choice manual response times, Egly and Homa (1991) account for valid-invalid
letency differences by a two-stage process that includes a delay in target detection time
in addition to a subsequent movement or reorienting time. According to this view,
preliminary detection time is more efficient on valid than on invalid trials. The present
analyses make the simplifying assumption that any delay in preliminary detection time
on invalid trials contributes equz , to manuai and saccadic respcnses’. Thus all three
hypothetical schemes attribute any differences between manual and saccadic

ccnditions to reorienting time, reprogramming time or both.

! we acknowledge that the following analysis decends on the veracity of this assumption. We note
that for simple detection responses in the absence of precues, Hughes and Kels:y (1284) found
that saccadic latencies were less degendent on target luminance than manua! latencies. However,
these ditferences were only evident at near threshold levels. In the present stucy target luminances
were well above threshold.
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i atteniicn must be criented cward the tarzer lecaticn
ceicre @ rescconse <an 2e .ritiaisc (Fosrner 188C). Thus. recrienting iime coriricutes

‘C CCsis grecuced oy invalic precuss icr coit manual and saccacic resgensas.

SRR
ECwever. SacCaCic Cosis & rciude regrogramming lime. sc nis scheme crecicts
imal saccacic ccsts shcuic ce grzater ithan manual ccsis. In the Zresent excenments
sacceacic =nC mantal cosis were equivaisnt with beth central ar perip w orect &,
T-us. thers s nc simcie way i wnich hyccinasis A can account Croress L Cata.

A..ccrcing {c hycethesis B, saccacic reprogramming arc atienticnal “scrienting

sy

cre the ¢ ime grecess. This is the scheme cropesed 2y the orarmcior nyccthesis. Tnis

I\)

nyccthe i3 grecicts that in acciticn ic ecuiva.ant cverall
grccducen: by the varying the spatial relaticn cetween the cue anc iarget shculd be the
same fcr manual and saccadic responses. Therefore, hypothesis B is consisient with
the resu. s cbtained with central precues tut cannot account for the data obtained with
peripher | cues.

A-ccrding to hypothesis C, attenticral orienting and saccadic pregramming are
separate orccesses that cccur in parallel. This scheme can acccmmedate the different
patterns of saccadic and manuar costs the: emerge with peripheral precues. but
permits equivalent overall costs for the twe recconses. This view suggests that with
peripheral precues, attentional orienting and oculomotor programming may be
independent processes. Attentional recrienting is not required fcr cculomoter

responses 2.
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gracues, but cnwy nyccthesis T s acie 1€ 2ccount icr the 2iiect of cericingra: orecues. it
is clear that neither experiment can be exciained simgly by & scheme such as A in
which saccadic pregramming cepends on prior attentional orienting.

Shepherd and Muller (19€8) alsc repert evidence suggesting that the premcter
hypothesis may be mcre compatible with the effects of central than peripheral precues.
Using a manual respense task, they cecmpared the effects cf each of these cue tyzes on
the magnitude cf attenticnal costs and berefits at various cue-target SOA's. Peripneral
cues were associated with a narrcw fccus that was maintained across all SOA's. In
contrast, central cues preduced an initially broad distributicn of attention on the cued

sice which became mcre narrcwly fccused on the cued location with increasing SOA's.

Thney suggest that the central precue resul's are consistent with the premcter

2 We note that, with respect to hypcthesis C. if we assume that manual responses do not require
attentional reorienting but maintain the assumption cf a common detection stage. we would expect
manual costs to be less than saccacic costs. This preciction is clearly discomferied by the present
data.
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hypothesis in that the initially broad fccus could reflect the progreamming of saccade
cirection pricr tc the specification of saccacic amplitude (Rizzoiatti et al., 1887).

Sudcen peripnerai 2vents seem to elicit a unified orienting response. The
suggestion that periphera: precues may activate independent cculomotor and
grtenticnal orienting svsiems may. therefcre, seem ccunier-intuitive . Hcwever. the
fincing that periprneral suimuii can elicit reflexive saccades and capture attenticn
automatically (Yantis & Jerides. 1284, Muller & Rakbkitt, 18€8) need nct imply that
i"€se respenses are mecizied Dy 2 commcen sysiem. A peripheral cue dirsctly
scecifies a spetial ‘ccaticr. creducing muitipie senscrv representaticns ¢f that lceatien
~iThin the visual sysiem. A -epresentaticn at ihe leve! of the sucericr collicuius ccule te
~g&d to pregram a saccacs while a parietal regresentaiicn cculc meciate atenticnal
responses.

ucgested by the centrai

(/)

The cicser ccucire 2f saccadic ana marual rescenseas
Srescues sffects may ce uncersioce as icilcws. The cemputaticns asscciatec with
central precues are likely :c be more ccmplex than with peripherzal cues, since the
expected target lccaticn must be derived from an interpretaticn of the precue. It seems
reasonable that instead ¢f duplicating these computations the attentional and saccadic
subsystems make use ¢f & common representation. This could preduce a stronger
association between these subsystems. In addition, effective voluniary control of
crienting may reqguire that the orienting subsystems are directed toward a common
ccal. This ccuid be achieved by having one subsystem assume control over the other,
cr by having all subsystems follow a common executive (see also Shepherd, Findlay &
Heckey, 1986). .

The present findings suggest that the nature of saccadic programs, as well as
etientional respenses. may be influenced by the type of precue. In a recent study of
saccade preparation. Abrams and Jonices (1988) found a similar effect. They report

that for voluntary saccaces. amplitude and direction may be cn~outed separately
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whereas mcre reflexive saccaces appeared to be prcgrammed whalistically. Tne
present finding of a meridian effect only icr saccades tc central cues may. thereicre,
reilect the incdependent specification of cirscticn and amplitude for veluntary. ccrically
meciated saccades, whereas saccades prepared io peripheral precues may refiect
mcre whelistic prcgrams mediated dy the colliculus (ci. Acrams & Jenides, 18€€ .

The mernner in which saccace cirscicn and amplituce are ccmputed s & ~aiter

ci cn-geing detate (Acrams & Jenices. 1888; Becker, 198¢). The wcrk of Abrars and

.
@]
=
Q
D

S suggesis nc cifference in the lims ¢ crecgram the initial dirscticn cr amc.iuce
{2 saccace. The lme 1:akss ic meciy hese carameters may differ, nhewever 2°d it
ic cr this pessibility that the gremcter acccunt ¢f the merician effecis depencs. T2
results from Exceriment 2 ars censistent with the cessibility that amplituce can =
mccified mcre repicly than saccacic cirscicn.

In summary, the premctcr hyocthess cannct readily acccunt icr the effects

o~~~

ccizined with ceripheral precues. A mCCsiin Anicn attenticnal Srieniing anc SaICacic
gregramming are separate preccasses het procsed in parallel is mere consisternt with
the effects cf these cues. On the cther nand, the results obtained with central cues are
consistent with the premotor hypothesis. aithough they do not demonstrate that
attenticnal orienting depends on oculomctcr precgrams. However, the results dc
suggest a closer coupling of attention and cculcmotor processes in response tc cantral

than peripheral precues, and indicate that the vertical meridian affects the time ccurse

cf overt and covert orienting only with central cues.
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Target Locations

Fig. 1. Numbers in the boxes are the numeric designations used
in tables and the text, and did not actually appear.
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Figure Caption

Figure 3. Schematic diagrams of three possible accounts of precuing effects for manual

and saccadic responses.




CETECT TARGET
AT UNCUED
LOCATION

REORIENT ATTENTION

B.
DETECT TARGET REPROGRAM SACCADE
AT UNCUED —
LOCATION REORIENT ATTENTION
C.

DETECT TARGET
AT UNCUED
LOCATICN

N 4

N

REPROGRAM SACCADE

REORIENT ATTENTION

REPROGRAM SACCADE

EXECUTE SACCADE

EXECUTE MANUAL
RESPONSE

EXECUTE SACCADE

EXECUTE MANUAL
RESPONSE

EXECUTE SACCADE

EXECUTE MANUAL
RESPONSE




TABLE 1: Average Latency for Manual and Saccadic Responses for
All Cue-Target Pairs

Experiment 1: Peripheral Cue Experiment 2: Centrai Cue
Cue:Target Pair Manual Saccadic Manual Saccadic
1:1 280 292 270 263
2:1 339 322 304 284
3:1 334 321 327 320
4:1 343 328 326 325
2:2 272 294 264 278
1:2 301 340 293 307
3:2 311 324 310 320
4:2 294 330 324 324
3:3 274 282 265 281
1:3 305 331 312 335
2:3 312 319 309 315
4:3 300 343 283 301
4:4 285 283 275 272
1:4 335 338 331 337
2:4 330 331 330 333
3:4 312 312 286 300




TABLE 2: Average Latencies and Standard Deviations for Valid and Invalid Cues for
Manual and Saccadic Responses in Experiments 1 and 2. ,

Experiment 1 Experiment 2
MANUAL SACCADIC MANUAL SACCADIC
Valid 278 288 269 274
(16.5) (42.4) (27.0) (21.4)
Invalid 318 328 311 317
(23.9) (51.2) (31.8) (32.7)

NET
COST 40 40 43 43




TABLE 3: Average costs and standard deviations of cue-target pairs for each
response condition in Experiment 1.

4° same 40 opposite 890 opposite 120 opposite
Manual 35.2 38.4 37.9 56.6
Response (9.3) (6.3) (12.2) (11.9)
Saccadic 41.3 33.4 40.3 452

Response (10.2) (14.8) (14.6) (11.8)




TABLE 4: Average costs and standard deviations of cue-target pairs for
each response condition in Experiment 2.

40 same 49 opposite 8° opposite 120 opposite
Manual 22.8 44.9 54.4 58.1
Response (11.8) (9.5) (12.9) (16.5)
Saccadic 23.2 37.9 54.3 60.7

Response (14.9) (19.5) (22.1) (21.8)
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TABLE 5: Average costs and standard deviations for within field trials as a function
of relative cue-target eccentricity and response condition for Experiment 2.

Cue eccentric to target Target eccentric to cue
(pairs 1:2, 4:3) (pairs 2:1; 3:4)
Manual Responses 311 30.5
(16.2) (14.6)
Saccadic Responses 25.6 25.5

(12.8) (15.4)
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Abstract

Using a new computerized method of ascertaining regional cortical
surface areas from 3D reconstructions of MR scans of the the human
brain, we examined the similarities that may exist in the left and right
hemispheres of monozygotic twins as compared to unrelated controls.
Marked differences were observed between the hemispheres with the left

hemisphere being far more specified than the right hemisphere.
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The convolutions of the cerebral hemispheres show wide variation
in size and shape. This variation presumably reflects regional differences
in cell count and/or synaptic density. At present, little is known about
genetic influences on normal size and shape of cortical areas, and whether
normal variations in cortical morphometry might mirror normal individual
differences in psychological processes.

One possible avenue for examining how genes influence cortical
morphometry is to examine the brains of monozygotic twins using
magnetic resonance imaging (MR). Evidence for less variance within twin
pairs as compared to the variance among unrelated pairs would raise the
possiblilty that neuroanatomical similarities might underlie the
psychological and neurophysiological similarities known to exist in
monozygotic twins (7-9). Our previous quantitative in vivo analysis of the
corpus callosum in monozygotic twins demonstrated that mid-sagittal
area and shape are more similar within twin pairs than within unrelated
pairings (70). This result encouraged us to analyze cortical morphometry
in monozygotic twins using computer-generated reconstructions of the
cortical surface recently developed in our laboratory (figure 1) (77).

Five pairs of female monozygotic twins were studied. Monozygosity
was determined by analyzing 9 red blood cell surface markers and by a
standardized questionnaire 5 (72,13). All subjects were righthanded
(Edinburgh Laterality Index 74 - 100) (74). The brain of each subject was
scanned using a Siemens 1.0 Tesla Magnetom MR system. Contiguous 3mm
thick T1-weighted sections were imaged in the coronal plane. Individual
gyri and additional regions of interest were labelled in accordance with

the coronal atlases of Matsui and Hirano (1978) (75) and Krieg (1963) (76).
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Percent surface area was computed by dividing absolute regional surface
area (rSA) by lobar SA.

Two hypotheses were examined. First, we examined whether there
was a difference in rSA among the five pairs of twins using a repeated
measures ANOVA . Subsequently we examined whether the variability of
any particular rSA was lower for related twins as compared to unrelated
pairs. Bartlett's test for the homogeneity of variances was used to test
this hypothesis.

The ANOVA revealed that for each hemisphere there is no difference
among unrelated pairs or between related twins. At the same time, the 27
ROl's differ significantly in rSA (p = .0001),which had been expected.
Finally, the difference in measurements between related twins does not
depend on the region; however, for the left hemisphere, pairs of unrelated
twins differ more for some regions than for others (p = .0001). This last
result suggested that reduced variability in rSA of related twins as
compared to unrelated pairs might be found in certain left hemisphere
ROI's. This prompted us to analyze the data on a per region basis.

Results of Bartlett's test to compare the variation of unrelated
pairs vs. variation of related twins for each region are summarized in
Table 1. Using this analysis, we found that unrelated pair variances
exceeded related twin variances for 15 regions in the left hemisphere and
4 regions in the right hemisphere.

These data indicate that the development of left hemisphere
structures is under considerable more genetic control that is the right
hemisphere. Given the dominance of the left hemisphere in language and in
problem-solving ability, it is interesting to speculate that some of the

cortical areas showing less variance may reflect a structural basis of the

4
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similarities in cognitive skills and personality that are commonly noted in
twins (71-9, 17-23). In view of previous clinico-pathologic correlations
(24), the finding of reduced variance in the pars opercularis of the left
inferior frontal gyrus and in the left insula as well as the trend for the
pars triangularis suggests that development of the speech area is under
greater genetic control than homologous regions in the right hemisphere.
Studies of split-brain patients as well as follow-studies of patients with
middle cerebral artery stroke indicate that speech is the most highly
lateralized of all human brain functions (25).

It is also of interest to consider why the ROIl's encompassing the
left cortical somatosensory and both visual systems, which are tied to
body surface parameters, have reduced variance in twin pairs. Current
theories of cortical development point to the possibility that afferent
specification from neurons representing the body surface in the thalamus
specify otherwise ominipotent cells underneath the cortical mantle (26).
Since the topology of the body is highly similar in twins, it might follow
the brain areas representing these sensory spheres of information would
be more alike. In the present study this was the case for the left
somatosensory representation. It is conceivable that in the domain of
somatosensory processes that the phenomenon of handedness might
exaggerate the determination of the right body, leaving the left half body
surface area more unstructured and thus less specific in its specification
of cortical areas. In the visual domain, important considerations for the
final connectivity of visual cortex heavily relies on the inter-ocular
distance that are crucial for establishing normal stereopsis (27). Again,

the similar physiognomy of twins would be consistent with greater
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similarity of such measures and argue under the afferent specification
model for more similar visual association areas.

Neuropsychological analysis of patients with focal lesions have
emphasized the importance of the structures of the left hemisphere for
most measures of intelligence. For example, lesions to frontal lobe
structures can seriously disrupt cognitive processes, such as modifying
the capacity to switch categorical sets, verbal fluency, story
comprehension, and problem solving (28). Interestingly, lesions to frontal
areas in the monkey are now thought to disrupt working memory in
addition to the well-known disruptions on delayed response and other
tasks (29). In this light it has recently been shown that variations in
working memory capacity in the human correlate with individual
variations seen in reading comprehension (30). Finding reduced variance
in frontal lobe structures in the left hemisphere is consistent with the
view that more similar anatomical organization may reflect more similiar
psychological capaciites.

This same line of reasoning is also supported by the careful
examination of split-brain patients where it has been shown that the left
hemisphere is far superior in problem solving (37). These same studies
have also shown only the left hemipshere can make casual inference and
apprehend complex lingusitic constructions. In short the left hemispehre
is clearly specialized for cognitive operations in the normal brain.
Related studies have also shown that performance scores on measures of
intelligence are lowered following brain bisection, presumably because
the neural structures asssociated with these activites are no longer able

to contribute their processing capacities to the left hemisphere.
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In summary, the present findings are consistent with the view that the
previously observed similarities in psychological and physiological
functions in monozygotic twins may correlate with the reduced variance
seen in major cortical structures, particularly those of the left

hemisphere.
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Region of Interest

Erontal Lobe

Frontal Superior (Fs)
Frontal Middle (Fm)
Pars orbitalis (Fiorb)
Pars triangularis (Fit)
Pars opercularis (Fiop)
Precentral (Ca)
Orbitofrontal (Or)
Rectal (R)

Tem

Temporal Superior (T's)
Temporal Middle (Tm)
Temporal Inferior (Ti)
Uncus (U)

Heschl's (Hg)
Fusiform (Fus)
Hippocampus (H)
Amygdala (A)

Partietal Lobe

Post Central (Cp)
Supramarginal (Sm)
Angular (Ang)
Superior Parietal (Ps)
Prccuneus (Pc)

Occipital Lobe
Lingual (Lg)

Cuneus (Cu)

Lateral Occipital (LO)

Other

Cingulate (Ci)

Basal Forebrain (BF)
Insula

Table 1

LEFT HEMISPHERE
Pair Var, F p
1.61 0.65 .63
25.91 10.55 <.0001
1.64 0.67 .62
5.11 2.08 1
12.73 5.18 .003
5.92 2.41 .07
7.05 2.87 .04
0.54 0.22 92
4.27 1.74 17
3.58 1.46 .24
8.27 3.37 .02
2.96 1.20 .33
0.63 0.25 .90
4.82 1.96 13
1.89 0.77 .56
1.04 0.42 .79
24.41 9.94 <.0001
12.29 5.00 .004
18.80 7.65 .006
22.77 9.27 <.0001
12.61 5.16 .003
15.25 6.21 001
12.61 5.13 .004
110.17 44 .84 <.0001
41.39 16.85 <.0001
0.19 0.08 .99
36.55 14.88 <.0001

RIGHT HEMISPHERE
Pair Var. E P
1.99 0.36 .84
3.48 0.62 .65
2.00 0.36 .84
3.95 0.71 .59
13.45 2.41 .07
9.68 1.74 17
3.29 0.59 .67
1.20 0.22 .93
6.41 1.15 .36
3.81 0.68 .61
2.57 0.46 .76
1.44 0.26 .90
1.54 0.28 .89
7.07 1.27 31
0.63 0.11 .98
0.22 0.04 1.00
8.53 1.53 .22
6.03 1.08 .39
23.94 4.30 .008
33.83 6.07 .001
5.17 0.93 .46
1.76 0.32 .86
11.39 2.04 12
32.65 5.86 .002
37.69 6.76 .0007
0.22 0.04 1.00
5.42 0.97 .44
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Figure 1. Three dimensional reconstruction of a left hemisphere shell of
the human brain using surface triangulation. This mathematical model
consists of a multitude of small triangles which are connected in three-
space so as to compose a smooth yet convoluted mesh based upon contours
extracted from serial coronal MR scans. A summation of the areas of the
triangles that compose the model provides a basis for an approximation of
true cortical surface area (both intrasulcal and superficial). In this method
a “skin” is draped over the space (mesh) between adjacent contours in a
manner which does not overestimate overall surface area but does provide

a smooth interpolation between the contours (32, 33).
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